Experiments revealed that small boron cluster anions and cations are (quasi-)planar. For neutral boron cluster, (quasi-)planar motifs are also suggested to be global minimum by many theoretical studies, and a structural transformation from quasi-planar to double-ring tubular structures occurs at B 20 . However, a missing opportunity is found for neutral B 14 , which is a flat cage and more stable than the previous quasi-planar one by high level ab initio calculations. The B 14 cage has a large HOMO-LUMO gap (2.69 eV), and NICS values reveal that it is even more aromatic than the known most aromatic quasi-planar B 12 and double-ring B 20 , which indicates a close-shell electronic structure. Chemical bonding analysis given by AdNDP reveals that the B 14 cage is an all-boron fullerene with 18 delocalized σ -electrons following the 2(n+1) 2 rule of spherical aromaticity. The geometry and bonding features of the B 14 cage are unique denying conversional thinking.
I. INTRODUCTION
Boron is only the fifth element in the periodic table, however, it never ceases to surprise. From simple hydrides to bulk structures, boron offers a rich variety of bonding features that defy conventional thinking. 1, 2 Bulk boron has a huge variety of crystal structures. In most of the boron compounds, a polyhedral or three-dimensional structure, especially B 12 icosahedra, is a recurring structural pattern. 3, 4 Besides, some extended systems of lower dimensions have also been investigated by theory, such as 2D sheet 5, 6 and 1D nanotube. 7 Boron tends to form a strong and directional covalent bond with other elements because of its small covalent radius and sp 2 hybridization of the valence electron. Because of its electron deficiency and large coordination number, the bonding features in boron clusters are very diverse. As a consequence, boron can form diverse nanostructure. At small cluster size, all of the theoretical and experimental studies suggested that (quasi-)planar isomers are most stable. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] A structural transformation from (quasi-)planar to double-ring tubular structures occurs in the size range of B 16 to B 24 , depending on the charge state of the clusters. 13, [18] [19] [20] [21] [22] For larger boron clusters, some tubular, cage, and core-shell structures are theoretically suggested. [23] [24] [25] [26] [27] [28] [29] Chemical bonding analyses reveal that (quasi-)planar B clusters show multiple (σ -and π -) aromaticity or antiaromaticity, 30 and among which B 12 are particularly unique, which displays triple-aromaticity 31 and has the largest HOMO-LUMO (H-L) gap. Moreover, (quasi-)planar B clusters are analogous to hydrocarbon molecules according to the Hückel's rule, such as B 12 and B 16 2− are analogous of benzene and naphthalene, respectively. 9, 14 Too many surprises have been given by B clusters due to its novel bonding features and structures, and small B clusters have been extensively studied both theoretically and experimentally, which suggested that small B clusters adopt (quasi-) a) Electronic mail: clj@ustc.edu. Tel./Fax: +86-551-5107342. planar structures. However, in this work we report another surprise of B, a novel lowest energy cage structure for neutral B 14 , whose structure and bonding features are different from any other known clusters or molecules.
II. COMPUTATIONAL METHODS
The low-energy isomers of B 14 clusters are obtained by unbiased global search of the ab initio potential energy surface with genetic algorithm directly using the TPSSh (Ref. 32) functional that was proven to give reasonably accurate energetic properties of small boron clusters. 27 At the global optimization procedure, a small basis set (3-21G) and a loose convergence criterion are adopted for saving calculation time. After global optimization, the low-lying TPSSh/3-21G geometries are fully relaxed at the TPSSh/6-311+G* level. For comparison, relative energies at B3LYP/6-311+G* (Refs. [33] [34] [35] and CCSD(T) /aug-cc-pVTZ (Ref. 36 ) level of theories are also given using the TPSSh/6-311+G* geometries. All first principle calculations in this work are carried out on the GAUSSIAN 09 package. Figure 1 plots the newly located global minimum (isomer I), which can be seen as a flat cage composed of two open cycles in D 2d symmetry. Other low-lying isomers are also given for comparison in Figure 2 : isomers II and IV are quasi-planar in agreement with earlier studies; 9, 12 isomer III is a new quasi-planar structure; isomers V and IX are convex; isomer VIII is a double-ring structure; isomers VI and VII are 3D. Isomer I is more stable than isomer II by 0.49 eV at TPSSh/6-311+G* and the value is 0.25 eV at higher CCSD(T)/aug-cc-pVTZ level. However, relative energies of the (quasi-)planar, convex, and double-ring isomers are largely undervalued by the B3LYP functional, in which the three quasi-planar isomers are even lower in energy than Isomer I by ∼0.6 eV. MO = 23, 25, 31-35). However, it is hard to distinguish the localized and delocalized orbitals from the canonical MOs at some cases because of the unique molecular building. Since chemical bonding in the all-boron fullerene is anticipated to involve delocalized bonding we selected the adaptive natural density partitioning (AdNDP) method as a tool for chemical bonding analysis. This method was recently developed by Zubarev and Boldyrev 39 and used to analyze chemical bonding in quasi-planar boron clusters. 39, 14, 15 AdNDP recovers both Lewis bonding elements (1c-2e and 2c-2e objects) and delocalized bonding elements (nc-2e), which achieves seamless description of systems featuring both localized and delocalized bonding without invoking the concept of resonance. As shown in Figure 3(b) , the AdNDP analysis reveals twelve localized 2c-2e σ -bonds, eight delocalized 3c-2e σ -bonds, and one delocalized 8c-2e σ -bond in the B 14 cage. The bonding framework of the all-boron fullerene is very novel, in which no π -bond is revealed different from any other previous boron clusters.
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III. RESULTS AND DISCUSSION
Aromaticity is an important property determining the stability of molecules. The total number of 18 delocalized electrons in the cluster satisfies the 2(n + 1) 2 criterion 41 of spherical aromaticity (where n = 2). Therefore, the B 14 cage is a magic number all-boron fullerene with 18 delocalized σ electrons, and should be highly aromatic. Nucleus-independent chemical shifts (NICS) value 40 is a popular measurement for aromaticity, where negative value means aromaticity, and positive value shows antiaromaticity. As shown in Table I , NICS values reveal that the B 14 cage is highly aromatic (−44.23 ppm), and is even more aromatic than the magic number quasi-planar B 12 (−28.36 ppm) and double-ring B 20 (−39.54 ppm) according to NICS values at the center. Moreover, the H-L gap of the B 14 cage (2.69 eV) is also very large only next to B 12 (3.01 eV) and larger than that of B 20 (2.04 eV). The large H-L gap and high aromaticity indicate that the B 14 cage has a close-shell electronic structure and is of high molecularity. To further confirm the close-shell electronic structure of the B 14 cage, we optimized the dication and dianion of the B 14 cage where the 18-electron structure is broken. NICS values reveal that the dication is antiaromatic (+4.48 ppm) and the dianion shows much lower aromaticity (−8.56 ppm). Moreover, the H-L gaps of the double charged cluster are also much lower (all in Table I ).
The vibrational frequencies of the B 14 cage are verified to be all positive, so it is an indeed local minimum. The calculated IR spectra of the cage and quasi-planar B 14 are shown in (474 cm −1 ) is due to the vibration between two cycles. The frequencies of the quasi-planar one are much different mainly around 507, 836, 894, and 1331 cm −1 . Therefore, measurement of IR spectrum is a feasible way to distinguish the cage and quasi-planar structures experimentally.
The B 14 cage is a missing opportunity, but why is the opportunity missed by experiments and so extensive theoretical studies? The reason may be as follows: (1) experiments can only deal with charged B clusters, and the anionic and cationic cage of B 14 are higher in energy than the quasi-planar one by 0.09 eV and 0.04 eV, respectively, at TPSSh/6-311+G*. (2) Quasi-planar is the dominant packing at such a size range, and the magic number B 14 cage is dominant only when the quasiplanar one shows conflicting aromaticity (σ -aromaticity and π -antiaromaticity), 30 and so the B 14 cage lies in the deepest but very narrow funnel in the energy landscape. (3) The theoretical determination of low-energy boron cluster structures still faces various problems because of the multiple-reference character of electronic structures.
IV. CONCLUSIONS
In summary, a missing opportunity of boron clusters, B 14 cage of two coupled open cycles, is proposed in this work, which is more stable than the previous quasi-planar one. The AdNDP analysis reveals 18 delocalized σ -electrons in the B 14 cage which follows the 2(n + 1) 2 rule of spherical aromaticity, and NICS values reveal that the B 14 cage is even more aromatic than the previous known most aromatic quasi-planar B 12 and double-ring B 20 . Such a geometry and bonding features of the all-boron fullerene continue the surprises given by boron.
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